Zhu, Longkun, and Pingnian He. fMLP-stimulated release of reactive oxygen species from adherent leukocytes increases microvessel permeability. Am J Physiol Heart Circ Physiol 290: H365-H372, 2006. First published September 23, 2005 doi:10.1152/ajpheart.00812.2005.-Our previous study (Am J Physiol Heart Circ Physiol 288: H1331-H1338, 2005) demonstrated that TNF-␣ induced significant leukocyte adhesion without causing increases in microvessel permeability, and that formyl-Met-Leu-Phe-OH (fMLP)-stimulated neutrophils in the absence of adhesion increased microvessel permeability via released reactive oxygen species (ROS). The objective of our present study is to investigate the mechanisms that regulate neutrophil respiratory burst and the roles of fMLP-stimulated ROS release from adherent leukocytes in microvessel permeability. A technique that combines single-microvessel perfusion with autologous blood perfusion was employed in venular microvessels of rat mesenteries. Leukocyte adhesion was induced by systemic application of TNF-␣. Microvessel permeability was assessed by measuring hydraulic conductivity (L p). The 2-h autologous blood perfusion after TNF-␣ application increased leukocyte adhesion from 1.2 Ϯ 0.2 to 13.3 Ϯ 1.6 per 100 m of vessel length without causing increases in L p. When fMLP (10 M) was applied to either perfusate (n ϭ 5) or superfusate (n ϭ 8) in the presence of adherent leukocytes, L p transiently increased to 4.9 Ϯ 0.9 and 4.4 Ϯ 0.3 times the control value, respectively. Application of superoxide dismutase or an iron chelator, deferoxamine mesylate, after fMLP application prevented or attenuated the L p increase. Chemiluminescence measurements in isolated neutrophils demonstrated that TNF-␣ alone did not induce ROS release but that preexposure of neutrophils to TNF-␣ in vivo or in vitro potentiated fMLP-stimulated ROS release. These results suggest a priming role of TNF-␣ in fMLP-stimulated neutrophil respiratory burst and indicate that the released ROS play a key role in leukocyte-mediated permeability increases during acute inflammation.
POLYMORPHONUCLEAR NEUTROPHILS play a key role in host defenses against invading microorganisms. In response to a variety of stimuli, neutrophils release large quantities of reactive oxygen species (ROS) via respiratory burst, which are essential for killing bacteria but may also be responsible for tissue injury. Therefore, understanding the regulatory mechanisms of neutrophil respiratory burst and the relationship between neutrophil-released ROS and microvessel permeability will be of great clinical significance for the development of therapeutic strategies for inflammatory diseases that preserve the essential functions of neutrophils against bacteria while preventing collateral effect on tissue injury.
Some studies indicate that the physical contact between leukocyte and endothelium is the critical step for endothelial barrier damage, resulting in protein leakage and tissue edema (6, 21) , and that the adhesion process was the trigger for the neutrophil respiratory burst (9, 10, 12, 13, 23) . However, our previous studies suggested dissociation between leukocyte adhesion and neutrophil respiratory burst. Our study demonstrated that systemic application of TNF-␣ induced a significant number of leukocyte adhesions without a measurable increase in either hydraulic conductivity or solute permeability (32) , whereas an increase in microvessel permeability was found by perfusing vessels with formyl-Met-Leu-Phe-OH (fMLP)-stimulated neutrophils in the absence of leukocyte adhesion (33) . Our present study aims to further investigate the mechanisms that regulate neutrophil respiratory burst and the relationship between ROS released from adherent leukocytes and microvessel permeability in intact microvessels by using combined in vivo and in vitro experimental approaches.
The experiments are designed to investigate whether fMLP can induce respiratory burst from TNF-␣-induced adherent leukocytes resulting in increases in microvessel permeability via ROS release. To accomplish this, a technique that combines single-microvessel perfusion with autologous blood perfusion was employed in venular microvessels of rat mesenteries. Leukocyte adhesion was induced by systemic application of TNF-␣. Microvessel permeability was assessed by measuring hydraulic conductivity (L p ). Changes in microvessel L p in the presence of TNF-␣-induced adherent leukocytes were investigated before and after the application of fMLP. The mechanisms of the L p changes associated with fMLP-stimulated adherent leukocytes were explored via the pretreatment of microvessels with ROS scavenger superoxide dismutase (SOD) or an iron chelator, deferoxamine mesylate (DFO). The role of TNF-␣ in neutrophil respiratory burst was investigated by measuring chemiluminescence (CL) activity in isolated rat neutrophils.
MATERIALS AND METHODS
Animal preparation. Experiments were carried out in venular microvessels in rat mesenteries. All procedures and animal use were approved by the Animal Care and Use Committee at West Virginia University. Female Sprague-Dawley rats (2-3 mo old, 220 -250 g, Hilltop Laboratory Animal, Scottsdale, PA) were anesthetized with pentobarbital sodium given subcutaneously. Female rats were used because the mesenteric vascular bed is more developed than in male rats, making it easier to select a suitable venular microvessel for cannulation, thus requiring the use of fewer rats. The initial dosage was 65 mg/kg body wt with an additional 3 mg/dose given as needed. The trachea was intubated, and a midline surgical incision (1.5-2 cm) was made in the abdominal wall. The mesentery was gently removed from the abdominal cavity and spread over a pillar for measurements of Lp. The upper surface of the mesentery was continuously superfused with mammalian Ringer solution at 37°C. All experiments were carried out in venular microvessels with diameters ranging between 40 and 50 m with one experiment per animal.
Measurement of L p. All measurements were based on the modified Landis technique, which measures the volume flux of water across the microvessel wall (8) . The assumptions and limitations of the original method and its application in mammalian microvessels have been evaluated in detail elsewhere (8, 18) . Briefly, a single venular microvessel was cannulated with a glass micropipette and perfused with albumin-Ringer solution (control) containing hamster red blood cells as markers. A hydrostatic pressure (range 50 -80 cmH 2O), controlled by a water manometer, was applied through the micropipette to the microvessel lumen. The initial water flow per unit area of microvessel wall [(J v/S)0, where Jv is water flux and S is unit area of the microvessel wall] was calculated from the velocity of the marker cell after the vessel was occluded, the vessel radius, and the length between the marker cell and the occlusion site. Microvessel L p was calculated from the Starling equation, L p ϭ (Jv/S)0/⌬P, where ⌬P is the effective hydrostatic and oncotic pressure difference across the microvessel wall.
L p measurements before and after TNF-␣-induced leukocyte adhesion. In each experiment, control L p was measured first with albuminRinger perfusate in a selected venular microvessel, which had less than two adherent leukocytes per 100 m of vessel length. Then the cannulation pipette was removed and blood flow was resumed in that vessel. TNF-␣ (3.5 g/kg body wt) was then injected into the bloodstream through the femoral vein. This amount of TNF-␣ applied to each rat was equivalent to ϳ50 ng/ml of blood based on the estimated blood volume of each rat. The plasma concentration of TNF-␣ measured with ELISA was ϳ500 pg/ml after intravenous injection for 30 min and decreased to 135 pg/ml in 2 h (32). This dosage of TNF-␣ was sufficient to induce significant leukocyte adhesion under our experimental conditions, which is also comparable to the plasma TNF-␣ concentration in a rat ischemic model (27) . Two hours after TNF-␣ injection, the vessel in which the control Lp was measured was recannulated and perfused with albumin-Ringer perfusate. The perfusion pressure was kept at 20 to 30 cmH2O to minimize the shear force and retain the adherent leukocytes. Changes in Lp were measured immediately after the recannulation. The wall shear rate calculated based on the Newtonian definition [␥ ϭ 8 ϫ (Vmean/D), where Vmean is the mean velocity of marker cells and D is the vessel diameter] was between 28 and 40 s during perfusion. The rolling, tethering and nonfirmly adherent leukocytes were washed away during the initial perfusion period. The adherent leukocytes that could withstand that magnitude of shear rate and remained attached to the vessel wall after the early Lp measurements (which took ϳ5-10 min) were counted under the microscope and expressed as the number of adherent leukocytes per 100 m of vessel length.
Measurements of Lp when adherent leukocytes were exposed to fMLP. These experiments were designed to examine whether fMLP can stimulate ROS release from TNF-␣-induced adherent leukocytes, resulting in increases in microvessel permeability. The procedures to induce leukocyte adhesion were the same as stated above. After Lp measurements in the presence of TNF-␣-induced adherent leukocytes, fMLP (10 M) was applied to either perfusate or superfusate. To maximize the local concentration of ROS released from the adherent leukocytes on fMLP stimulation, perfusate was kept stationary (perfusion pressure set at balance pressure) for 5 min before Lp measurements. To ensure that the 5-min stationary flow does not change Lp, the experimental procedure control was conducted in two of the microvessels in which the same maneuver was applied, with the exception of the application of fMLP.
The effects of SOD and DFO on the Lp changes induced by fMLP-stimulated adherent leukocytes were studied in different groups of microvessels. SOD or DFO was applied after TNF-␣ induced leukocyte adhesion and before the fMLP application. The changes in Lp were measured before and after the addition of fMLP to the superfusate in the presence of adherent leukocytes that were pretreated with either SOD or DFO.
Isolation of rat neutrophils. Blood was collected from male Sprague-Dawley rats (2-3 mo old, 350 -400 g) by catheterization through the carotid artery and anticoagulated with 3.8% sodium citrate (9:1 vol/vol). A two-step discontinuous Percoll gradient centrifugation method was used to isolate neutrophils from whole blood (33) . Male rats were used as blood donors because their body weight is larger than that of female rats at the same age, and their use provides a larger quantity of blood and reduces the number of animals used for the experiments. Our previous study (33) demonstrated no significant difference in neutrophil responses to fMLP between male and female rats.
Measurement of CL. ROS production from TNF-␣ and/or fMLPstimulated neutrophils was quantified by measuring luminol-enhanced cellular CL with the use of a computer-controlled luminometer equipped with reagent injector and thermocontrolled chamber (AutoLumat Plus LB953, Berthold Technologies). Neutrophils were preincubated at 37°C for 10 min before the CL measurement. Each sample (0.25 ml) contained 0.5 ϫ 10 6 neutrophils with 0.8 M luminol (5-amino-2,3-dihydro-1,4-phthalazinedione, Sigma). The reaction to fMLP (10 M final concentration) or TNF-␣ (5 ng/ml final concentrations) was initiated by automated injection to ensure an immediate mixing and measurement. For measurements involving an antioxidant agent or an ion chelator, each reagent was added before the incubation. The priming role of TNF-␣ in fMLP-stimulated ROS release was examined in isolated neutrophils that were preincubated with TNF-␣ in vitro or preexposed to systemically administered TNF-␣ in vivo. The CL in each sample was continuously recorded for 10 min and reported as relative light units (RLU per 0.5 ϫ 10 6 neutrophils). The number of experiments, n, represents the number of animals used in each group of experiments. Duplicate assays were conducted with neutrophils from each rat, except where noted otherwise.
Solutions and reagents. Mammalian Ringer solution was used for dissecting mesenteries, superfusing tissue, and preparing the perfusion solutions. The composition of the mammalian Ringer solution was described previously (33) . All perfusates used for control and test perfusion contained BSA (10 mg/ml).
Recombinant rat TNF-␣ was purchased from Biosource International (Camarillo, CA). The chemotactic peptide fMLP was purchased from Calbiochem (San Diego, CA). All other reagents were from Sigma. The stock solution of fMLP (10 mM) was prepared with 100% DMSO, and the final concentration (10 M) was achieved by 1:1,000 dilution with albumin-Ringer solution. All perfusates containing test reagent were freshly prepared before each cannulation.
Data analysis and statistics. In each experiment, if L p is relatively constant throughout the time course, the mean Lp value for each perfusate was calculated from all of the occlusions during that perfusion period. If a transient increase in L p is observed, Lp is reported as the means of peak and sustained values. Changes in Lp were expressed as the ratio of testing Lp versus control Lp (Lptest/Lpcontrol). All values in the text are means Ϯ SE, except where noted otherwise. For statistical comparison, the mean values of L p (control and test) measured in the same vessel were used as paired data. The significance of the differences within or between groups was evaluated by paired t-test, nonparametric Wilcoxon's signed rank test, or MannWhitney's U-test. A probability value of P Ͻ 0.05 was considered statistically significant.
RESULTS

Effect of TNF-␣-induced adherent leukocytes on microvessel L p .
Experiments were carried out in six venular microvessels in rat mesenteries. The mean control L p of six microvessels was
. Two hours after TNF-␣ injection and resumed blood perfusion in the experimental vessel, the mean number of leukocytes adhered to the microvessel wall increased from the mean baseline level of 1.2 Ϯ 0.2 to 13.3 Ϯ 1.6/100 m of vessel length (Fig. 1A) . However, L p measured in the presence of such amounts of adherent leukocytes showed no significant changes from its control value. The mean L p was 2. 1B) .
Effect of exposing TNF-␣-induced adherent leukocytes to fMLP on microvessel L p .
Experiments were conducted in 13 microvessels to examine whether fMLP can stimulate ROS release from TNF-␣-induced adherent leukocytes resulting in increases in microvessel L p . The mean control L p of 13 vessels was 2.0 Ϯ 0.1 ϫ 10 Ϫ7 cm⅐s Ϫ1 ⅐cmH 2 O Ϫ1 . Systemic application of TNF-␣ with resumed blood flow increased leukocyte adhesion from a mean basal level of 1.1 Ϯ 0.1 to 13.2 Ϯ 1.1 per 100 m of vessel length. In five of the microvessels, fMLP was then applied to the perfusate. L p measured after 5 min stationary flow transiently increased to a mean peak value of 4.9 Ϯ 0.9 times the control value. In the other eight microvessels, fMLP was applied to the superfusate. The mean peak L p value was 4.4 Ϯ 0.3 times that of the control. The magnitude increases in L p between these two groups were not significantly different. Figure 2 shows a typical time course of the L p changes in a single experiment (see Fig. 6 for summary of the results).
To examine whether 5 min stationary flow (perfusion at balance pressure) affects L p , paired experiments were conducted in the same vessel in two of the microvessels. After leukocyte adhesion, L p measured before and after 5 min stationary flow without fMLP addition showed no significant changes in basal L p . In contrast, in the same two vessels, L p transiently increased to 4.6 Ϯ 0.1 times the control value after the adherent leukocytes were exposed to fMLP for 5 min. Figure 3 shows the time course of the L p changes in one of the experiments.
The effect of fMLP on microvessel L p in the absence of leukocyte adhesion was examined in six microvessels. The mean control L p was 1.
The application of fMLP (10 M) to the perfusate did not cause a significant change in L p , which was 1. Fig. 6 for summary of the results).
Superoxide scavenger and iron chelator prevented or attenuated the L p increase induced by fMLP-stimulated adherent leukocytes.
To examine whether the released ROS is responsible for the L p increases when TNF-␣-induced adherent leukocytes were exposed to fMLP, eight experiments were conducted in vessels that were treated with either DFO, the iron chelator, or SOD, the superoxide scavenger, after leukocyte adhesion. The mean control L p of eight microvessels was 1.9 Ϯ 0.2 ϫ 10 Ϫ7 cm⅐s Ϫ1 ⅐cmH 2 O Ϫ1 . Systemic application of TNF-␣ and resuming blood flow in the vessel for 2 h increased leukocyte adhesion from 1.4 Ϯ 0.4 to 13.2 Ϯ 1.2 per 100 m of vessel length. The application of either DFO (1 mM) or SOD (1,500 U/ml) in the presence of adherent leukocytes did Correlation between the magnitude of L p increase and the number of adherent leukocytes. If the L p increase in response to fMLP application was attributed to the ROS release from adherent leukocytes, we expect a correlation between the number of the adherent leukocytes and the magnitude of the increases in microvessel L p . The L p changes as a function of the number of adherent leukocytes ranging from 9 to 20 per 100 m of vessel length with and without fMLP stimulation are plotted in Fig. 7 (n ϭ 19) . This graph demonstrates a positive linear correlation between the magnitude of L p increases and the number of adherent leukocytes that were exposed to fMLP.
There was no correlation between L p and TNF-␣-induced leukocyte adhesion in the absence of fMLP stimulation.
Priming role of TNF-␣ in fMLP-stimulated neutrophil CL. ROS production via neutrophil respiratory burst in response to fMLP and/or TNF-␣ stimulation was quantified by measuring luminol-enhanced neutrophil CL. Exposure of isolated neutrophils to fMLP transiently increased CL from a mean resting level of 75 Ϯ 7 RLU to a mean peak value of 626 Ϯ 62 RLU Fig. 3 . Experimental procedure control. Individual experiment shows that neither TNF-␣-induced leukocyte adhesion alone nor stationary flow (at balance perfusion pressure) for 5 min in the presence of adherent leukocytes changed Lp. Transient increase in Lp occurred after adherent leukocytes were exposed to fMLP (10 M) applied to superfusate. Fig. 4 . Prevention of iron-catalyzed hydroxyl radical formation attenuated the Lp increase induced by fMLP-stimulated adherent leukocytes. Individual experiment shows that application of an iron chelator, deferoxamine mesylate (DFO), to both perfusate and superfusate in the presence of adherent leukocytes (12 per 100 m of vessel length) did not change Lp but significantly attenuated Lp increase when adherent leukocytes were exposed to fMLP. with and without application of fMLP. Corresponding bars in top and bottom graphs represent data from the same group of experiments. Neither application of fMLP alone (in the absence of significant leukocyte adhesion; n ϭ 6) nor TNF-␣-induced leukocyte adhesion without application of fMLP (n ϭ 7) changed basal Lp. Exposure of adherent leukocytes to fMLP applied to perfusate (n ϭ 5) or superfusate (n ϭ 8) caused a significant increase in Lp, which was attenuated or prevented by pretreatment of the vessel with DFO (n ϭ 5) or SOD (n ϭ 3). *Significant increase from negative control (P Ͻ 0.05). †Significant decrease from positive control (P Ͻ 0.05).
(n ϭ 10). The mean peak response occurred at 44 Ϯ 2 s after fMLP injection and then fell quickly toward basal level. Preincubation of neutrophils with DFO (1 mM) or SOD (1,500 U/ml) significantly reduced the fMLP-stimulated CL to 323 Ϯ 22 (n ϭ 3) and 131 Ϯ 19 (n ϭ 3) RLU, respectively. There was no immediate change in CL when neutrophils were exposed to TNF-␣ (5 ng/ml; n ϭ 3). Figure 8A shows the time course of changes in CL from four individual representative experiments. Figure 8B summarizes the results.
Because exposure of neutrophils to TNF-␣ showed no instant changes in CL, the priming role of TNF-␣ in fMLPstimulated ROS release was further examined. Figure 9 shows the concentration and incubation time-dependent priming activities of TNF-␣ on fMLP-stimulated CL. TNF-␣ at a concentration of 1 ng/ml showed minimum insignificant priming effect. The maximum priming effect of TNF-␣ occurred at a concentration of either 5 or 10 ng/ml with 30 or 40 min of incubation time. The mean peak response to fMLP measured with neutrophils that were preincubated with 5 ng/ml TNF-␣ for 30 min was 6.6 Ϯ 1.1 times of that in unprimed neutrophils. Figure 9 , inset, illustrates the time courses of fMLP-stimulated CL in primed versus unprimed neutrophils.
To examine the neutrophil oxidative status under the experimental conditions whereby L p was measured, CL was further evaluated in neutrophils primed in vivo via systemic application of TNF-␣. After 1 h of TNF-␣ application, blood was withdrawn and neutrophils were isolated. The in vivo exposure of neutrophils to TNF-␣ showed no significant change in basal CL (mean RLU was 85 Ϯ 6) but significantly potentiated the fMLP-stimulated CL activity. The mean peak value was 1,913 Ϯ 275 RLU, which is 3.1 times the fMLP-stimulated peak CL in unprimed neutrophils (n ϭ 3). Figure 10 illustrates the differences in magnitude and time course of fMLP-stimulated CL between unprimed neutrophils and neutrophils primed in vivo by systemic application of TNF-␣.
DISCUSSION
With the use of combined in vivo and in vitro experimental approaches, this study quantitatively demonstrated the relationship between leukocyte adhesion, ROS release via neutrophil respiratory burst, and the correlative changes in microvessel permeability. Our main new finding is that an additional stimulus, such as the application of fMLP, is necessary to trigger ROS release from TNF-␣-induced adherent leukocytes resulting in increases in microvessel permeability. In addition, our CL measurements in isolated neutrophils demonstrated that TNF-␣ alone was not sufficient to induce neutrophil respiratory burst, but preexposure of neutrophils to TNF-␣ in vivo or in vitro potentiated fMLP-stimulated ROS release. Taken together, these results demonstrate a priming role of TNF-␣ in fMLP-stimulated neutrophil respiratory burst regardless of adhesion status and indicate a key role for released ROS from activated leukocytes in permeability increases during acute inflammation.
Adhesion is the initial reaction of circulating leukocytes to inflammation or tissue injury. For decades, the interaction of leukocytes with endothelial cells has been considered as the critical event leading to tissue and organ dysfunction. Exten- sive investigations have, therefore, focused on identifying specific ligands and receptors for the adhesion process to prevent tissue injury (6, 20 -22) . However, whether leukocyte adhesion directly involves the increases in microvessel permeability remains an unresolved issue. There are studies showing that leukocyte adhesion did not occur at exactly the same sites as plasma leakage (3, 4, 16) . Our previous study demonstrated that the systemic application of TNF-␣ induced significant leukocyte adhesion without causing increases in microvessel permeability in intact microvessels (32) . In addition, we demonstrated that perfusing microvessels with fMLP-stimulated neutrophils increased microvessel permeability in the absence of adhesion (33) . Similar results were also reported in C5a-stimulated neutrophils in isolated coronary venules (28) . On the basis of these findings, we hypothesized that the mechanisms that activate leukocytes resulting in adhesion are independent from those that induce leukocyte respiratory burst and that the released ROS are responsible for the increases in microvessel permeability.
Our permeability studies were consistent with this hypothesis. Our experiments first reaffirmed our previous observation that TNF-␣-induced leukocyte adhesion has no effect on basal microvessel permeability (32) . The experiments then demonstrated that TNF-␣-induced adherent leukocytes could be further activated by fMLP, resulting in increases in microvessel permeability via released ROS. Results summarized in Fig. 8 (CL measurements in isolated neutrophils) and Fig. 6 (L p measurements) show a close correlation between the amount of released ROS and the magnitude of L p increases when the same stimuli or additional treatments were applied to either isolated neutrophils or adherent leukocytes in intact microvessels. The application of SOD showed the most efficient inhibition in both CL responses and permeability increases, implicating the released superoxide and superoxide-derived oxidant radicals as the main species responsible for the permeability increases. The application of an iron chelator, DFO, showed partial suppression in both CL responses and permeability increases with similar magnitudes. These partial but significant suppressions indicate the involvement of iron-catalyzed hydroxyl radical formation in CL responses and in the increases in microvessel permeability. Although perfusion of SOD or DFO may affect both leukocytes and endothelial cells that form microvessel walls, CL measurements in isolated neutrophils suggest that the inhibitory effect of SOD or DFO on the L p increases is mainly attributed to the inhibition of ROS production from fMLP-stimulated adherent leukocytes. Additionally, Fig. 7 demonstrates the linear correlation between the number of adherent leukocytes and the magnitude increases in L p in response to fMLP, which further supports that the fMLPstimulated ROS release from adherent leukocytes is responsible for the permeability increase. In all in vivo permeability studies, the neutrophil percentage of adherent leukocytes in the vessel walls was not histologically identified. However, on the basis of the functions of leukocytes, neutrophils are the predominant phagocytes recruited to the circulation in response to acute inflammation. Thus a similar situation is expected to occur in adherent leukocytes under our experimental conditions.
Our previous study (32) demonstrated that TNF-␣ induced a significant increase in the expression of CD11b/CD18 in both isolated neutrophils and leukocytes in whole blood, which is consistent with its role in leukocyte adhesion in intact microvessels. Our present study further examined the role of TNF-␣ in neutrophil respiratory burst. Measurements of CL in TNF-␣-stimulated neutrophils showed no instantaneous CL responses. This result well explains why there were no increases in microvessel permeability with TNF-␣-induced leukocyte adhesion, indicating that the adhesion process alone in the absence of respiratory burst was not sufficient to increase permeability in intact microvessels.
Neutrophil respiratory burst is dependent on NADPH oxidase, a group of plasma membrane-associated enzymes (2). In response to a variety of stimuli, this enzyme generates large quantities of superoxide anion that serves as the starting material for the production of a vast assortment of reactive oxidants. These oxidants are used to kill invading microorganisms but can also cause tissue damage (2, 7) . Although this process has long been studied, the mechanisms that regulate neutrophil respiratory burst remain controversial. Some of the studies indicate that the expression of adhesion molecules is the trigger of respiratory burst (9) . Others report that crosslinking of integrins is sufficient for full activation of neutrophils in the absence of any additional stimulus (5) . There are also studies reporting that ligation of integrins alone is not sufficient for full activation of neutrophils unless another inflammatory stimulus initiates a second activation signal (17) . It has been reported in the literature that a full oxidative response of neutrophils can be achieved by preexposure to a priming agent (7, 29 -31) , defined as one that does not elicit the effector's function on its own but potentiates the response of neutrophils to another stimulus. Many cytokines and proinflammatory mediators have been reported as effective neutrophil primers, which convert the neutrophils from a nonresponsive to a responsive status (11, 29) . Those studies led us to reconsider whether the activation of leukocytes by TNF-␣ is completely independent from fMLP-stimulated ROS release. We tested the priming role of TNF-␣ in neutrophil respiratory burst under our experimental conditions. The doses and incubation time-dependent CL measurements demonstrated that preexposure of isolated neutrophils to TNF-␣ for 30 -40 min at concentrations of 5-10 ng/ml potentiated fMLP-stimulated neutrophil CL activity by six-to sevenfold. Similar studies demonstrated that TNF-␣-mediated neutrophil priming was almost completely blocked by anti-TNF monoclonal antibody (29) . We further investigated the role of TNF-␣ in neutrophil respiratory burst under the same experimental conditions that were applied to L p measurements. We measured the CL in neutrophils that were isolated from animals in which TNF-␣ was systemically applied to the bloodstream. We consider this experimental condition as in vivo priming. In these experiments, the circulating neutrophils were exposed to TNF-␣ applied systemically for about one h before blood was withdrawn. Neutrophils were isolated in the absence of TNF-␣. The basal CL measured in these neutrophils was not significantly different from that of unprimed neutrophils, but the in vivo priming potentiated fMLP-stimulated neutrophil CL activity 3-4 times of that in unprimed cells. The priming effect under our experimental conditions was maintained for at least 2-3 h after the priming agent was removed. These results indicate that the plasma TNF-␣ concentration under our experimental conditions is sufficient to prime circulating neutrophils. The in vivo priming-induced enhanced neutrophil respiratory burst also well explains the clinical observation that high plasma levels of cytokines and/or circulating endotoxin was associated with the development of adult respiratory distress syndrome (25) or linked to organ failure and mortality (26) .
Our results indicate that neither exposure of isolated neutrophils to TNF-␣ alone nor TNF-␣-induced leukocyte adhesion in intact microvessels is sufficient to induce leukocyte respiratory burst resulting in permeability increase. However, the actions of TNF-␣ on leukocytes are not completely independent from their oxidative responses that mediate increases in microvessel permeability as we originally hypothesized. These new results indicate that TNF-␣ plays an important priming role in leukocyte respiratory burst. An additional stimulus, such as fMLP, is necessary to trigger the enhanced oxidative reactions. Even though neutrophil priming has long been recognized, the interaction between the primed leukocytes with endothelial cells in intact microvessels and the roles of priming-induced enhanced oxidative burst in microvessel permeability have not been studied. Our results are the first that demonstrated the differential roles of primed leukocytes with and without the secondary stimulus-induced respiratory burst in the changes in microvessel permeability in intact microvessels.
In this study, we combined our single-microvessel perfusion technique with autologous blood perfusion, which closely mimics the acute inflammatory situation and also retains the capacity of single-vessel perfusion for precise measurements of vascular function under well-controlled experimental conditions. To maximize the ROS concentration in the vessel lumen during fMLP application, the perfusion was maintained stationary for 5 min before the L p was measured. This approach enables the experimental conditions during L p measurements to be more relevant to the acute inflammatory conditions. In the presence of blood flow, ROS released from either circulating or adherent blood cells upon activation were accumulative in the bloodstream. However, during L p measurements, the albuminRinger perfusate washes away the inflamed blood and continuously dilutes the released ROS from the adherent leukocytes during fMLP stimulation in that segment of the vessel wall, which may result in an underestimated effect of released ROS on microvessel permeability. The stationary flow for 5 min during fMLP application allows the released ROS to be accumulated for 5 min in the perfusate before the changes in L p were measured, which compensates the diluting effect via albumin-Ringer perfusion. The initial L p changes may more accurately reflect the effect of released ROS on microvessel walls. The most important validation of this procedure is that the 5-min stationary flow itself did not change L p in the absence of fMLP as demonstrated by the paired experiments (sham and test) conducted in the same vessel (Fig. 3) .
TNF-␣ was also reported to increase vascular permeability independent of neutrophils, mainly in cultured endothelial monolayers or in pulmonary vasculatures in vivo (14, 15) . A recent study (14) in pulmonary microvessel endothelial monolayers reported that TNF-␣ (50 ng/ml for 4 h) induced NADPH oxidase-mediated increases in permeability to albumin. Our previous study (32) demonstrated that neither TNF-␣-induced leukocyte adhesion nor perfusion of rat venular mesenteric microvessels with TNF-␣ (10 -100 ng/ml in the absence of blood cells) up to 2 h altered basal L p or permeability to ␣-lactalbumin. The 2-h time frame was selected because those experiments serve as control for leukocyte adhesion studies, which is the time needed to induce significant leukocyte adhesion with systemic application of TNF-␣. Further investigations are needed to determine whether this discrepancy is caused by differences between cell types, species, and TNF-␣ exposure time, or differences between studies in vivo and in vitro.
Currently, the mechanisms underlying priming have not been fully understood. It was suggested that increases in receptor number as well as the alteration of receptor function are involved in the upregulation of neutrophil NADPH oxidase resulting in enhanced ROS production (7, 11) . The priming process is relatively rapid (5-30 min, depending on the primer) and was previously considered to be irreversible. However, some studies have demonstrated reversible priming in neutrophils that were originally challenged by platelet-activating factor (7, 19) . Recently, priming agents have been recognized for an additional function of delaying apoptosis and hence increasing the functional longevity of these cells at the inflamed site (1, 24) .
Our study quantitatively demonstrated that the enhanced ROS release resulting from exposure of primed adherent leukocytes to subsequent stimuli is the key element responsible for the increases in microvessel permeability during acute inflammation. Therefore, further understanding of the mechanisms that regulate neutrophil NADPH oxidase is of great importance in modulating the activation status of neutrophils to prevent tissue injury caused by enhanced ROS release during acute inflammation.
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